Trace elements, such as iodine and selenium, are closely related to autoimmune thyroiditis and thyroid function. Low serum magnesium is associated with several chronic diseases; however, its associations with autoimmune thyroiditis and thyroid function are unclear. We investigated the relationships between low serum magnesium, autoimmune thyroiditis, and thyroid function in 1,257 Chinese participants. Demographic data were collected via questionnaires, and levels of serum thyroid stimulating hormone, anti-thyroid peroxidase antibody, anti-thyroglobulin antibody (TGAb), free thyroxine, serum magnesium, serum iodine, and urinary iodine concentration were measured. Participants were divided into serum magnesium level quartiles ( Magnesium is the fourth most abundant essential mineral in the human body after sodium, potassium, and calcium 1 , and is a cofactor for more than 300 enzymes that regulate a variety of biochemical processes, such as DNA/RNA synthesis, protein synthesis, oxidative phosphorylation, and glycolysis 1,2 . Magnesium is mainly absorbed through the diet, and high-magnesium foods include nuts, seeds, whole grains, and leafy greens. Epidemiological surveys show that magnesium deficiency exists in many regions worldwide [3] [4] [5] . According to data from the National Health and Nutrition Examination (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) in the United States, the magnesium intakes of only 18.8% of male participants and 24.8% of female participants met the recommended dietary allowance 3 . The Nutrition and Health Survey in Taiwan (NAHSIT) also showed that the daily intakes of magnesium in 75% of male participants and 81% of female participants were lower than the dietary reference intakes (DRIs) 4 . It is estimated that the prevalence of low serum magnesium in the population is 2.5-15%
. According to data from the National Health and Nutrition Examination (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) in the United States, the magnesium intakes of only 18.8% of male participants and 24.8% of female participants met the recommended dietary allowance 3 . The Nutrition and Health Survey in Taiwan (NAHSIT) also showed that the daily intakes of magnesium in 75% of male participants and 81% of female participants were lower than the dietary reference intakes (DRIs) 4 . It is estimated that the prevalence of low serum magnesium in the population is 2.5-15% 5 . Insufficient magnesium intake and low serum magnesium are associated with a variety of chronic diseases, including insulin resistance and type , migraine 12 , attention deficit disorder 13 , Alzheimer's disease 14 , and asthma 15 . Magnesium is closely related to the immune system; in vitro experiments have showed that intracellular free magnesium ions are an important second messenger in the immune activation of T lymphocytes 16 and B lymphocytes 17 , and magnesium channels and transport proteins play an important role in normal immune function 16, 18, 19 . Moreover, magnesium is also associated with cellular oxidative stress and inflammatory reactions 20 . The homeostasis of magnesium ions in mitochondria is important for cellular energy metabolism and for the ability to respond to oxidative stress 21 . The synthesis of glutathione, which is an important cellular antioxidant, is an ATP-dependent reaction and is therefore critically dependent on magnesium 1 . Studies have found that magnesium intake was inversely associated with levels of C-reactive protein, interleukin-6, and other inflammatory factors 6, 22 , and that magnesium citrate supplementation can downregulate genes related to metabolic and inflammatory pathways 23 . Autoimmune thyroiditis is a common endocrine disorder that is caused by a variety of environmental factors and is based on genetic susceptibility. A range of trace elements are related to the pathogenesis of autoimmune thyroiditis, among which the most important is iodine, followed by iron, selenium, and others 24, 25 . There are few studies on the relationship between magnesium and thyroid disease. For example, a study on patients with Graves' disease found that they exhibited a lower serum magnesium concentration than normal control participants, and that the serum magnesium concentration was negatively correlated with lymphocyte activation 26 . An Austrian study found that low serum magnesium was associated with abnormal thyroid function, which was improved after supplemental magnesium therapy 27 . To further clarify the relationship between serum magnesium levels and autoimmune thyroiditis, as well as thyroid function, we performed a cross-sectional study among the permanent residents of Tianjin.
Results
Demographic data of participants in different serum magnesium level groups. The demographic data of the study's participants are shown in Table 1 . A total of 1,257 participants were included, among whom the median serum magnesium level was 0.89 (0.73-1.06) mmol/L. The mean age of the participants was 42.5 ± 15.2 years and 49.2% were male. The proportion of elderly participants in the serum magnesium concentration ≤0.55 mmol/L quartile group was significantly higher than in the other groups. The 0.551-0.85 mmol/L quartile group had the lowest proportion of female participants. In terms of education and income levels, serum magnesium levels tended to increase gradually with increasing education and income levels (p < 0.0001). The proportion of non-smokers was lowest in the 0.551-0.85 mmol/L quartile group and increased gradually in the higher and lower quartile groups (p = 0.004). There were no significant differences in the proportions of body mass index (BMI) values among the groups.
Iodine nutrition state. The median urinary iodine concentration (UIC) of the subjects was 148.0 (quartile range, 89.9-227.4) μg/L, indicating that the iodine-related nutritional status of the population was at an appropriate level.
Serum magnesium levels in the euthyroidism and hypothyroidism groups. The median serum magnesium level in the euthyroidism group was 0.88 (0.73-1.06) mmol/L, and that in the hypothyroidism group (including subclinical hypothyroidism) was 0.87 (0.61-1.09) mmol/L; there was no significant difference between the two groups (Z = −1.712, p = 0.087). The median serum magnesium level in the subclinical hypothyroidism group was 0.89 (0.60-1.10) mmol/L, which was not significantly different from that in the euthyroidism group (Z = −1.289, p = 0.197). The median serum magnesium level in the TPOAb-negative group was 0.88 (0.73-1.05) mmol/L, while that in the TPOAb-positive group was 0.90 (0.66-1.09) mmol/L; again, there was no significant difference between the two groups (Z = −0.663, p = 0.507). The median serum magnesium level in the TGAb-negative group was 0.88 (0.73-1.05) mmol/L, and that in the TGAb positive group was 0.91 (0.67-1.11) mmol/L, with no significant difference (Z = −0.221, p = 0.825).
Relationship between serum magnesium level and thyroid disorders. The TPOAb positivity rate in the lowest serum magnesium level (≤0.55 mmol/L) quartile group was 29.7%, which was significantly higher than the rates in the other groups (χ 2 = 10.703, p = 0.013). Moreover, the TGAb positivity rate in the lowest quartile group was 28.4%, which was also significantly higher than the rates in the other quartile groups (χ 2 = 23.148, p = 0.000) ( Table 2 ). The prevalence of Hashimoto thyroiditis (HT) diagnosed using ultrasonography in the lowest quartile group was 27.0%, which was significantly higher than in the other quartile groups (χ 2 = 21.785, p = 0.000) ( Table 2 ). The prevalence of subclinical hypothyroidism in the lowest quartile group was 32.4%, which was significantly higher than in the other quartile groups (χ 2 = 40.490, p = 0.000); the prevalence of hypothyroidism overall (both clinical and subclinical) in the lowest quartile was 40.5%, which was also significantly higher than in the other groups (χ 2 = 54.527, p = 0.000) ( Table 2 ). The proportion of patients with clinical and subclinical hyperthyroidism was highest in the quartile 3 (0.851-1.15 mmol/L), while there were no patients with hyperthyroidism in the lowest quartile group. However, statistical analysis of patients with hyperthyroidism was not possible owing to their small number.
After performing logistic regression analysis to adjust for confounding factors, the TGAb positivity rates in the lowest serum magnesium level (≤0.55 mmol/L) quartile group were higher than those in the quartile 3 group Tables 3, 4 and 5. The results using the forward method, backward method, or all arguments analysed together were consistent. 
Discussion
Magnesium in the human body is mostly located in the cells and bone tissues; only 1% of total body magnesium is located in extracellular fluids, and only 0.3% of total body magnesium is present in serum 1 . However, the detection of intracellular magnesium ions is difficult, while the detection of serum magnesium ions is simple and convenient. Therefore, serum magnesium is still used to assess individuals' magnesium nutritional statuses 1 . Hypermagnesaemia and magnesium poisoning are rare in clinical practice, and only occur in patients with severe renal failure. The main clinical manifestation of magnesium nutrition imbalance is low serum magnesium, the definition of which varies among different populations and methods of detection. Recent evaluations of serum magnesium as an indicator of magnesium status have indicated that individuals with serum magnesium values >0.85 mmol/L most likely have adequate magnesium levels 20, 28, 29 . Therefore, in our study, serum magnesium levels ≤0.85 mmol/L were considered low. Additionally, serum magnesium levels ≤0.55 mmol/L were considered severely low in our study, as previously described in the literature 30, 31 . Moreover, the median serum magnesium level was 0.89 (0.73-1.06) mmol/L in our study; the proportion of subjects with inadequate magnesium levels (≤0.85 mmol/L) was 45.1%, while the proportion of people with severely low serum magnesium was 5.9%. The NAHSIT 4 showed that the mean serum magnesium levels of male and female participants were 0.861 and 0.866 mmol/L, respectively; furthermore, 12.3% and 23.7% of male and female participants had low serum magnesium levels (defined as <0.8 mmol/L in the NAHSIT), which were lower rates than in our study. Using the Food Frequency Questionnaire, the NAHSIT found that the daily magnesium intakes of 75% in male participants and 81% in female participants were lower than the DRI; the daily magnesium intake of middle-aged individuals (ages 45-64 years) was the highest, while that of elderly individuals (≥65 years) was the lowest. Our study also found that the proportion of elderly subjects (≥65 years) was significantly higher in the lowest serum magnesium quartile group. Moreover, the proportion of young people (18-39 years) tended to decrease in the higher (>0.55 mmol/L) quartile groups, while the proportion of individuals ≥40 years old tended to increase. On the one hand, this might be related to the intake level of magnesium in the diet; on the other hand, these results can also be explained by the decline of intestinal absorption capacity in the elderly vs. rapid metabolism in young individuals. Our study also found that individuals with lower educational and income levels were more likely to exhibit low serum magnesium; this might be related to dietary structure as well as food affordability. In a cross-sectional study of 13,226 American participants, the proportion of individuals with serum magnesium levels <0.75 mmol/L was 26.5%, while that of individuals with levels <0.70 mmol/L was 10.3%. In that study, participants with lower education and income levels were more likely to have low serum magnesium levels 32 , which was consistent with our data. Logistic regression analysis revealed that the morbidity risk owing to clinical and subclinical hypothyroidism was increased in the lowest serum magnesium level (≤0.55 mmol/L) quartile group. Early studies on magnesium and thyroid function revealed that serum magnesium levels in patients with hyperthyroidism are decreased while those in patients with hypothyroidism are increased; this change might be related to thyroid hormones causing increased magnesium excretion in the urine 33 . However, subsequent studies have produced contrasting findings; animal model 34 and clinical studies 35, 36 found hypothyroidism to be associated with decreased serum magnesium levels, and the role of thyroid hormones on the magnesium urinary excretion rate was mainly related to their effect on the degree of urinary concentration. There were no differences in the levels of urinary magnesium or creatinine levels in patients with varying thyroid functionality 35 . Furthermore, a previous study showed that the inhibition of mitochondrial oxidative phosphorylation may lead to decreased iodine uptake by thyroid cells, as such uptake is achieved by a sodium iodide cotransporter that requires a mitochondrial energy supply 37 . Magnesium, as an enzyme cofactor, plays a critical role in mitochondrial oxidative phosphorylation and ATP synthesis, and its deficiency can affect these functions and lead to decreased iodine uptake by thyroid cells and a subsequent drop in thyroid hormone synthesis, thereby causing the secretion of thyroid-stimulating hormone (TSH). Animal experiments have shown that magnesium supplementation can significantly increase radioactive iodine uptake by thyroid cells, while its deficiency does the opposite 34 . Notably, the majority of participants with hypothyroidism in this study exhibited subclinical hypothyroidism; those with clinical hypothyroidism were too few in number to analyse separately using logistic regression analysis. Therefore, our conclusions are mainly applicable to subclinical hypothyroidism.
Our study found that serum magnesium levels ≤0.55 mmol/L were related to the risk of TGAb positivity and prevalence of HT. There are at least two explanations for this: first, severely low serum magnesium can increase TGAb via the abnormal activation of immune cells and induction of an autoimmune response. A study on patients with Graves' disease found that their serum magnesium concentrations were lower than in normal individuals, and that the serum magnesium concentration was inversely related to the activation levels of CD3 . Second, given its function as a coenzyme, magnesium is involved in a variety of antioxidant metabolism pathways, such as glutathione synthesis; low serum magnesium could therefore reduce the antioxidant response capacity in cells and allow the accumulation of free radicals, resulting in oxidative stress and tissue damage 21, 38, 39 . Epidemiological studies have shown that insufficient magnesium intake is associated with a variety of chronic inflammatory diseases and elevated serum C-reactive protein levels 6, 22, 23, 40 . Table 1 ). Regression analyses using the forward method, backward method, and all arguments simultaneously were performed and the results were similar. OR: odds ratio; CI: confidence interval.
ScieNtific RePoRTS | (2018) 8:9904 | DOI:10.1038/s41598-018-28362-5
Our study revealed that severely low serum magnesium levels were not related to increased TPOAb positivity. The clinical significance of TPOAb is distinct from that of TGAb, as it is the most sensitive and specific index for the diagnosis of autoimmune thyroiditis and is closely related to hypothyroidism 41 . However, as a serological marker of autoimmune thyroiditis, TGAb does not damage the thyroid gland 42 . The different effects of severely low serum magnesium on the two autoantibodies examined in our study indicated that its effect on the thyroid autoantibody might primarily be caused by inflammation and oxidative stress, rather than by activating autoimmune responses. In other words, severely low serum magnesium is not the initiating factor of autoimmune thyroiditis, but might be an aggravating factor via inflammation.
This study found that non-severely low serum magnesium (0.551-0.85 mmol/L) is not associated with thyroid autoantibody levels or thyroid function. Another study on the relationship between low serum magnesium and metabolic syndrome with low-grade inflammation also found that inflammatory factors were elevated only when magnesium levels were severely low (<0.5 mmol/L) 31 . Animal studies found that the inflammatory response caused by mild-to-moderate magnesium deficiency could be compensated for, or aggravated, by other factors 39 . Hegsted et al. found that reducing the magnesium intake in rats to 50% of their required levels did not inhibit their growth; however, placing these rats in a cold environment (13 degrees) reduced their growth rate significantly compared with control rats with normal magnesium intake 43 . This indicated that the effects of mild versus moderate magnesium deficiency in different individuals might be more complex; therefore, studies of different populations may well produce different results. Additionally, results can differ based on different definitions of low serum magnesium levels and varying cut-off points.
This study included some limitations. First, because most of the body's magnesium content is intracellular, serum magnesium does not fully represent the body's magnesium nutritional status. However, in a large-scale epidemiological investigation, serum magnesium is still the most feasible and representative index. Second, dietary magnesium intake was not investigated in this study. If serum magnesium and the nutritional questionnaire were analysed together, more comprehensive data on the nutritional status of magnesium may have been obtained. Third, all subjects included in this study were residents of Tianjin; while the background data in each group were relatively consistent, other confounding factors might still be present. Lastly, as an observational study, our results could only reveal the associations between severely low serum magnesium levels, TGAb, HT, and thyroid function; prospective interventional studies are required to confirm the conclusion and reveal any cause-and-effect relationships.
Conclusions
Our cross-sectional survey revealed that the proportion of Tianjin residents with inadequate magnesium status (serum magnesium levels ≤0.85 mmol/L) was 28.2%, and that with severe magnesium deficiency (serum magnesium levels ≤0.55 mmol/L) was 5.9%. Serum magnesium levels ≤0.55 mmol/L were associated with increased risks of TGAb positivity, the prevalence of HT, and (mainly subclinical) hypothyroidism, indicating that serum magnesium levels should be evaluated in patients with autoimmune thyroiditis and hypothyroidism. Increased magnesium intake or magnesium supplementation may be beneficial for patients with severely low blood magnesium who are diagnosed with these disorders.
Methods
Subjects. The "Thyroid Disorders, Iodine Status and Diabetes: a National Epidemiological Survey-2014" is a cross-sectional study of thyroid disease, iodine nutrition status, and diabetes mellitus performed across 31 provinces, municipalities, and autonomous regions of China; the Tianjin portion was conducted between June and September, 2015. A total of 2,650 participants were enrolled using stratified multi-stage cluster random sampling. The serum magnesium levels of 1,257 participants whose blood samples were kept intact were examined in this study; all participants were older than 18 years and were of Han ethnicity. All participants had lived in the local area for more than five years; none received any examination involving iodinated contrast agent or took any drugs containing iodine during the previous three months. Pregnant women and patients with chronic diarrhoea and kidney disease were excluded. The research project was approved by the ethics committee of The First Hospital of China Medical University and was conducted in accordance with the Declaration of Helsinki II. All participants signed informed consent forms.
Specimen and data acquisition. Demographic data, smoking history (including passive smoking), and income and education levels were collected via questionnaires. The heights and weights of all participants were measured by a single investigator using a standardized measurement method, and the BMI was then calculated. Fasting venous blood (5 mL) was collected from all participants in the morning, and blood was allowed to coagulate. Serum was separated within 6 h and stored in a −80 °C freezer; the levels of TSH, TPOAb, TGAb, serum iodine, and serum magnesium were detected uniformly. Free thyroxine (FT 4 ) was also detected for participants with TSH elevation; FT 4 and free triiodothyronine (FT 3 ) were also detected in participants with decreased TSH levels. Fasting morning urine (5 mL) was collected from all participants and stored at −80 °C for urinary iodine tests.
Laboratory testing. Roche cobas e601 reagent kits were used for the detection of FT 3 , FT 4 , TSH, TPOAb, and TGAb; all were detected using chemiluminescence immunoassays according to the manufacturer's instructions. The kits were subjected to quality control tests; the intra-assay coefficients of variation for the measured parameters were 1.1-6.3%, while the inter-assay coefficients of variation were 1.9-9.5%. Serum iodine and serum magnesium were detected using inductively coupled plasma mass spectrometry. The UIC was detected by urine iodine arsenic cerium catalytic spectrophotometry (WS/T-2006). The levels of serum iodine, serum magnesium, and UIC were the averages of triplicate measurements. The intra-assay coefficients of variation for serum iodine and serum magnesium were 1.4-4.5%, while the inter-assay coefficients of variation were 2.7-6.4%. The intra-assay coefficient of variation for UIC (66 μg/L) was 3-4%, while the inter-assay coefficients of variation were 4-6%; the intra-assay coefficients of variation for UIC (230 μg/L) were 2-5%, while the inter-assay coefficients of variation were 3-6%.
Ultrasonography. Thyroid ultrasonography was performed by the same experienced physician using commercially available ultrasound equipment (LOGIQα100, GE Company, United States) equipped with a 7.5 Hz linear transducer. Patients were examined in a supine position with their neck hyperextended in accordance with a standard sonographic protocol. Markedly decreased echogenicity, heterogeneity, and fibrous septation infiltration were considered indicative of HT according to the literature 44, 45 . Diagnostic criteria. Using 15 mmol/L corresponding to severe magnesium deficiency, deficiency, adequate level, and excess, respectively. The adequate magnesium group (0.851-1.15 mmol/L) was taken as the control group. Sex, TPOAb, TGAb, smoking history, annual income level, education level, and BMI were used as classification variables; distributions are shown in Table 1 . Age was used as both a continuous and classification variable. BMI categories were determined according to the overweight and obesity standards in China 46 . The data in each group were analysed using single factor analysis of variance and rank sum tests; the chi-square and Fisher exact probability tests were used to compare the rates among groups.
A logistic regression model was used to adjust for the influence of confounding factors. When analysing the dependent variables TPOAb, TGAb, and HT, the independent variables sex, age, serum iodine concentration, serum magnesium concentration, and smoking history were incorporated into model 1. Model 2 incorporated model 1 and additionally adjusted for BMI; furthermore, model 3 incorporated model 2 while adding the independent variables of income and education levels. When analysing the dependent variables (all hypothyroidism and subclinical hypothyroidism-only), the independent variables sex, age, TPOAb, TGAb, serum iodine concentration, and serum magnesium concentration were incorporated into model 1. Model 2 incorporated model 1 plus the independent variables smoking history and BMI, while model 3 incorporated model 2 in addition to the independent variables of income and education levels. Age and serum iodine concentration were continuous variables, whereas the remaining variables were categorical. The forward and backward methods, as well as all arguments analysed simultaneously, were used for regression analysis; p < 0.05 was considered statistically significant.
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